dimorphic species to flagellated fungi.
Many of these species have been domesticated with some used traditionally for the preservation and/or transformation of foods while others have been optimized to yield valuable biotechnological products (see references within (Johnson 2016; Meyer et al. 2016) ). Fungi have also established both symbiotic and antagonistic associations with humans, animals and plants (Hawksworth & Lücking 2017) . Over 8,000 fungal plant pathogens are known (Editorial Nature Microbiology 2017) and estimates suggest that fungi (and oomycetes) have an annual impact on major crop yields equivalent to the caloric needs of more than 500 million people (Fisher et al. 2012) . Additionally, around 300 fungal human pathogens are known, killing more than 1.5 million people annually.
Fungal infections are among the most-rapidly spreading pests (Bebber et al. 2014 ). This problem is compounded by the simultaneous emergence of the same pathogenic strain in different continents or local episodes of strains from distant locations (Islam et al. 2016; Malaker et al. 2016; Callaway 2016; Lockhart et al. 2017; Bhattacharya 2017) .
If a pathogen needs its hosts in order to thrive, theory predicts that the requirement of a minimum host population would cause the pathogen go extinct before the host itself; thus, infection should not be considered a vector that drives extinction (McCallum & Dobson 1995; de Castro & Bolker 2005) . Nevertheless, the theoretical models developed by Fisher and colleagues support the idea that fungi pose a greater threat to plant and animal biodiversity than other taxonomic classes of pathogens (Fisher et al. 2012) . The authors suggest that this is attributable to some of the biological features of the life-cycle of fungi, such as long-lived environmental stages, broad host ranges in the case of generalist pathogens as well as high virulence and mortality rates. Asexual spores are tightly linked to these traits and this is likely why these propagules have prevailed in evolution as the main vector for the spread of mycoses. Their mass production leads to rapid inter-host transmission rates, which can result in the infection of all individuals before the population is driven to the low densities at which the pathogen can no longer spread (Fisher et al., 2012) . Considering the relevance of asexual spores for dispersion and infection, it is important to study how the associated developmental programs have evolved in fungi.
Asexual spores are the last cell-type of a series of genetically programmed morphological transitions leading to the formation, in multiple cases, of complex multicellular structures (see references within (Nagy et al. 2018) ). Nevertheless, the morphological diversity of asexual structures generated by the millions of fungal species is vast (Kirk et al. 2008) . Fungal asexual spores are produced by four different mechanisms (see references within (Fischer & Kües 2006) ): 1) fragmentation of preexisting hyphal filaments to generate arthrospores or oidia; 2) protoplast contraction and formation of an inner, thickened secondary cell wall within pre-existing vegetative hyphal cells to form chlamydospores; 3) cytoplasmic cleavage within specialized spore mother cells, generating a sporangium and sporangiospores; and 4) localized budding and subsequent constriction from an external sporogenous cell to develop conidiospores or conidia. Furthermore, even if two species develop the same type of asexual spore, they will most probably differ in size, organelle composition and/or morphology. This morphological diversity occurs even among evolutionarily close fungal species, suggesting that fungal asexual development can be considered an example of evolutionary convergence, that is, the generation of structures with different morphologies but with a common function: in this case, the production of spores enabling dispersal to new environments.
With the aim of uncovering the key mechanisms controlling the initiation and progression of asexual multicellularity and hypothesizing how they could contribute to the above-mentioned morphological diversity, we built a database containing the proteomes of 500 fungal species. In parallel, and based on previously published data, we generated a list of 33 proteins known to play key roles in the induction of asexual development, the control of its progression or the balance between asexual and sexual spore production. The conservation of each of these protein sequences was determined for each species in the database, and results were systematically analyzed from an evolutionary perspective. Overall, we propose that emergence of transcription factors (TFs) and network rewiring are major events leading to the diversity of asexual multicellularity in fungi. Results also suggest that asexual development can serve as a model for studying the emergence of CM and the mechanisms controlling it.
Database generation
The steadily increasing number of sequenced fungal genomes available enables increasingly more informative systematic sequence conservation analyses. These sequencing projects have been generated as a result of individual or collective efforts (Stajich 2017) and have been aggregated and updated in publicly available servers. In this study, the proteomes of 503 fungal species were downloaded from the Emsembl (ustilaginomycotina) . This meant that, although not in equal number, 65% of the classes included in the tree by Spatafora and colleagues were represented at least by one species in our database (Spatafora et al. 2017) . The database contained the proteomes of 344 ascomycota, 114 basidiomycota and 45 early diverging fungal species (1 blastocladiomycota, 4 chytridiomycota, 1 cryptomycota, 24 microsporidia, 14 mucoromycota and 1 zoopagomycota species) (see Table 1 ). The number of species within each phylum, subphylum, class and order is shown in Table 1 (a supplementary   table including the taxonomy of each species of the database, together with the accession number of each proteome, its source, and the first letters of the accession codes used to identify each protein within each proteome is available upon request).
Genetic control of asexual multicellularity: Induction, morphological transitions and coordination with the sexual cycle.
The literature was reviewed in order to generate a list of regulators of fungal asexual development (Table 2 ). An enrichment of TFs was noted (28 out of 33; 85 %).
These proteins were classified into different groups, according to the role described in the literature (listed in Table 2 ; displayed in a graphical mode for Aspergillus nidulans regulators in Figure 1 ). First, proteins controlling the balance between sexual and asexual developmental cycles (coded with pink in figures). Second, inducers of asexual development (orange). Third, regulators controlling in space and time the progression of the morphological transitions leading to asexual spore production (green). Finally, those proteins that could not be included in any of the first three groups (yellow). Most of the regulators were originally characterized in A. nidulans (eurotiomycetes), which undoubtedly is the most widely used reference organism in the study of asexual CM (Meyer et al. 2016) . However, and due to seminal (in the case of Neurospora crassa) or more recent (in the case of Botrytis cinerea and Magnaporthe oryzae) characterization of additional regulators from other species (Selitrennikoff et al. 1974; Cao et al. 2016; Brandhoff et al. 2017) , organisms of different fungal clades (Leotiomycetes and Sordariomycetes) have also been included as reference.
.Group 1: Regulators of the balance between sexual and asexual development.
Ten proteins were included in this first group (all characterized in A. nidulans; pink color in Figure 1 ; Table 2 ). Nine were TFs (VeA, VelB, VelC, VosA, NsdC, NsdD, OsaA, UrdA and SteA). The only non-TF in this group, PpoA, is one of the psi factor-producing oxygenases that control the ratio of sexual to asexual spores (Tsitsigiannis et al. 2004) . Among the TFs, VeA, VelB and VelC, together with VosA, belong to the velvet family of transcriptional regulators and are key players in the transduction of light signals as well as the coordination of developmental pathways and secondary metabolism (Ni & Yu 2007; Bayram et al. 2010; Rodriguez-Romero et al. 2010; Ahmed et al. 2013) . VeA participates in the transduction of red and blue light signals (Mooney & Yager 1990; Purschwitz et al. 2008 ) by rapidly varying, in the presence or absence of light, its nuclear/cytoplasmic localization (Stinnett et al. 2006) and its interaction partners (Bayram et al. 2008) . One of these partners is VelB, which also interacts with VosA, forming transitory complexes that, as a general rule, promote sexual development and repress asexual development in the dark (see references within ). The nuclear activity of VeA is also controlled by a MAPK module that connects signals received at the tip with the transcriptional control of secondary metabolism . This module also controls the induction of sexual multicellularity programs through SteA.
NsdC positively activates sexual development (Kim et al. 2009 ) while the role of NsdD in the control of multicellularity programs in fungi has been analyzed more deeply ( Figure 1 ; Table 2 ). Besides being a key activator of sexual development (Han et al. 2001) , NsdD directly represses asexual development in A. nidulans, by directly binding to the promoter of the master gene brlA (see group 3) Lee et al. 2016 ). Finally, WOPR-type and HLH-type TFs OsaA and UrdA were recently characterized functionally in A. nidulans (Alkhayyat et al. 2015; Oiartzabal-Arano et al. 2015) . The absence of either of them causes very similar phenotypes in which the concentration of asexual spores is significantly reduced while sexual multicellularity is heightened. For this reason, both TFs were classified as repressors of sexual development.
.Group 2: Inducers of asexual development.
The regulators included in this second group participate in the transcriptional activation of the genes that control the morphological transitions leading to asexual spore production (group 3; Table 2 ). In A. nidulans, this role is carried out by a group of proteins referred to as UDAs or upstream developmental activators (Wieser et al. 1994; Oiartzabal-Arano et al. 2016) . UDAs determine whether the expression of brlA, and thus, group 3 genes and asexual spore production, are induced in polarly growing vegetative cells (hyphae) (Figure 1 , orange). This is why loss-of-function mutations or deletion of these genes block asexual multicellularity and perpetuate the growth of vegetative cells. Thus, in general, UDA proteins act as signal transducers controlling the transition from simple multicellularity (the mycelium) (Nagy et al. 2018 ) to complex three-dimensional asexual structures that in the case of A. nidulans are formed by the six cell-types that comprise the conidiophore (Adams et al. 1998; Etxebeste et al. 2010 ).
The most widely characterized group of UDA proteins in A. nidulans are the Flb proteins FlbA, FlbB, FlbC, FlbD and FlbE (orange in Figure 1 ; Table 2 ) (Wieser et al. 1994 ). Genetic and molecular analyses placed these regulators into three pathways.
FlbA antagonizes the activity of a trimeric G-protein complex formed by FadA, GpgA and SfaD in order to inhibit cell proliferation and induce asexual development Yu et al. 1996) . FlbC is a C2H2-type TF that binds the promoter of brlA, controlling its expression directly (Kwon et al. 2010) . FlbB migrates from the tip to nuclei, where jointly with the cMyb TF FlbD binds the promoter of brlA and induces asexual spore production HerreroGarcia et al. 2015) .
Besides these five regulators, we included in this second group an additional A.
nidulans protein and three from the leotiomycete pathogen B. cinerea. A. nidulans
GmcA is a predicted glucose-methanol-choline oxidoreductase required for asexual multicellularity under alkaline pH conditions (Etxebeste et al. 2012) . BcLTF2 and BcLTF3 are recently characterized, inter-dependent, light-induced TFs from B. cinerea (Brandhoff et al. 2017) while BcLTF7 is the ortholog of MoConX7, a C2H2 zinc-finger TF whose absence reduces conidia production in Magnaporthe oryzae by more than 60% (Cao et al. 2016 ).
.Group 3: Spatiotemporal control of the synthesis of asexual multicellular structures.
From the above-referenced literature, it can be concluded that, in A. nidulans, a first layer of transcriptional control at the promoter of the master gene brlA is exerted by both activators and repressor TFs belonging to different transduction pathways (Lee et al. 2016) . Once brlA expression is induced, a cascade of transcriptional regulators is activated (green in Figure 1 ; Table 2 ) (Adams et al. 1998 ). This pathway is known as CDP or Central Developmental Pathway (Mah & Yu 2006 ) and controls the expression of an array of genes required, for example, in the synthesis of the cell-wall or pigmentation of spores (see references within (Adams et al. 1998 ); these auxiliary proteins have not been considered in the analyses below).
There are additional layers of transcriptional control of the expression of brlA.
The second one is the existence of two transcripts of brlA, brlAα and brlAβ (Han et al. 1993) . brlAβ codes for a polypeptide 23 amino acids longer than BrlAα. Each isoform is required at different stages of asexual multicellular development: brlAβ mutants are blocked at early-mid asexual CM development while brlAα mutants fail to proceed with the production of asexual spores (Fischer & Kües 2006) . Transcription of brlAβ starts upstream to that of brlAα, and the transcript contains an intron in the 5´-UTR region.
Transcription of brlAα starts within the intron of brlAβ (our RNAseq results; (Garzia et al. 2013; Oiartzabal-Arano et al. 2015) ).
A third layer is established by GcnE, the histone acetyltransferase subunit of the Spt-Ada-Gcn acetyltransferase (SAGA) complex, which strongly suggests that histone acetylation and chromatin remodeling at the promoter of brlA are key events in the development of asexual CM structures (Cánovas et al. 2014) . This is supported by a recent study in A. fumigatus, which reports that LaeA prevents heterochromatic marks in the promoter of brlA, allowing its activation (Lind et al. 2018 ).
Fourthly, feedback regulatory loops on brlA mediated by group 1 (VosA) or group 3 (AbaA; see below) TFs have also been described, refining the expression and activity of BrlA isoforms and informing about the completion of the process (Aguirre 1993; Ni & Yu 2007) . Finally, the presence of a uORF just 3´ of the initiation site of brlAβ transcript adds a translational layer of control of BrlA concentration in the cell.
It remains to be determined whether BrlA counterparts and associated complex regulatory mechanisms are coded in the genomes of species outside the order eurotiales (see next sections). However, brlA constitutes a control point in A. nidulans and, as far as known, it is the only way to induce the CDP pathway and asexual CM, thus ensuring that all the cell-types that form the conidiophore are generated correctly in space and time. The conservation of TFs AbaA and WetA, which together with BrlA form the backbone of the CDP pathway, and StuA and MedA, has also been analyzed (see also (Ojeda-López et al. 2018) ). AbaA is a TF of the ATTS family (Andrianopoulos 1991) required in the terminal stages of asexual development (Andrianopoulos & Timberlake 1994) while WetA controls gene expression in asexual spores and is required for their integrity and the deposition of diverse metabolites (Sewall et al. 1990; Marshall & Timberlake 1991; Wu et al. 2018) . StuA and MedA purportedly control the activity of CDP factors in space and time (Miller et al. 1992; Busby et al. 1996) .
Four additional proteins were included in this third group: the bHLH-type TF DevR, the homeobox TF BcHox8, HymA and the CP2-like TF NcCsp2. The deletion mutant of devR initiated conidiophore development in A. nidulans but failed to proceed with conidia production and instead generated secondary conidiophores (Tüncher et al. 2004 ). The absence of B. cinerea BcHox8 caused the generation of conidiophores and conidia with abnormal morphology (Antal et al. 2012) . HymA has been included in this group as a protein that, being conserved in higher eukaryotes, is necessary at middlelate stages of asexual CM development (Karos & Fischer 1996) . N. crassa has been an important model for the study of asexual development in fungi and multiple regulators of this process are known (see references within (Park & Yu 2012) ). Among them, NcAcon3, required for the formation of major constriction sites, is the ortholog of MedA while NcCsp1, which is required for the separation of conidia, is the ortholog of BcLTF3 (see Group 2). In this study, we used NcCsp2 as a query, a TF also required for the separation of conidia (Selitrennikoff et al. 1974) .
.Group 4: Other regulators.
Some of the regulators of asexual development analyzed in this review do not fit in any of the previously defined groups mainly because their role has been characterized in model fungi distant from A. nidulans. Cao and collaborators carried out a comprehensive characterization of the roles of 47 C2H2-type TFs in the development and pathogenicity of M. oryzae (Cao et al. 2016) and described that individual deletions of several of them caused at least an 80% decrease in conidia production without causing a significant inhibition of colony growth. Therefore, MoGcf4, MoConX2, MoConX3, MoConX4 and MoCon7 were included in the list of TFs analyzed in this work.
TFs controlling multicellular development in fungi emerged gradually in evolution.
The sequences of the 33 regulators described above (Table 2) All hits from each query were analyzed based on the following criteria. First, the presence, located in a similar position within the hit, of the characteristic domain(s) of the query. Second, a threshold coverage value was established and used as criteria for exclusion. In general, every hit with a query coverage below 35% was not considered as homologous and was consequently excluded from the analysis. Exceptions to this rule were included. A minimum coverage of 30% was established for FlbD. For MoConX3 a minimum coverage was not considered, prioritizing the conservation of its two transcriptional regulatory domains at N-and C-termini of the protein. For SteA, the conservation of its two transcriptional regulatory domains at N-and C-termini or a minimum coverage of 35% was accepted. Third, BLASTing each specific hit against the genome database of the query species (www.aspgd.org or www.fungidb.org) had to return the query as the first hit (confirmatory reverse retrieval).
The application of our criteria, especially the confirmatory reverse retrieval, led us to conclude, for example, that VeA is conserved, almost exclusively, in pezizomycotina, which contrasts with previous studies that described its presence in species outside of this subphylum . Interestingly, we obtained the same hits for VeA and VosA in most species outside of pezizomycotina. In the case of VelC, the presence of the velvet domain in the C-terminus of the protein was prioritized over the confirmatory reverse retrieval results (velvet domains of both VeA and VosA are located in the N-terminus).
Results strongly suggest that three proteins belonging to the velvet family of By applying these criteria, we generated lists of orthologs (supplementary table   available on request), which include the accession code of each hit, coverage, expected
and score values, as well as the best hit resulting from a BLAST analysis of that sequence against the reference database (the lowest expected value was 3,00e -05 , corresponding to the Thielaviopsis punctulata ortholog of FlbE KKA29905). The heatmap in Figure 2 was generated with the expect values of all hits of those queries considered as orthologs (supplementary table available on request).
The heatmap in Figure 3 describes the fraction of species within each class with an ortholog of each developmental regulator (the corresponding table is available on request). Overall, three patterns of conservation applicable to the four groups of regulators described were observed. First, the conservation of 13 of the regulators (all but one being TFs) was limited to all or nearly all classes within ascomycota or pezizomycotina. Second, six TFs were conserved only in specific classes within pezizomycotina. Here we observed sub-patterns of conservation, with some of these regulators being conserved only in one class or specific orders, families, or even species (see Figure 2) , while others were found in more than one. Finally, we found that 14 of the proteins analyzed were also conserved in orders outside of ascomycota/pezizomycotina clades, suggesting a more ancient emergence in evolution (see below).
By identifying the most phylogenetically ancient classes in which orthologs of the analyzed query proteins could be detected, we tried to estimate the relative phylogenetic age (phylostrata) or point in which each of the regulators could have emerged in evolution (Krizsán et al. 2019) . With this aim, the conservation patterns shown in Figure 3 were placed on a phylogenetic tree based on Spatafora and colleagues as the reference (Figure 4 ) (Spatafora et al. 2017) . A protein was considered as conserved in a specific class when orthologss were identified in at least 40% of the total number of species in our database representing that class (Nguyen et al. 2017 ).
Although in some cases it is difficult to track the emergence of specific regulators due to the under-representation of specific classes in our database, Figure 4 strongly suggests that TFs controlling complex multicellularity in fungi emerged sequentially together with the split of major clades. Three of the velvet proteins of A. (Karos & Fischer 1996) ).
The emergence of multiple regulators in the ascomycota or pezizomycotina clades is in line with the observation by Krizsán and coworkers that there is a characteristic enrichment of agaricomycetes-specific TFs (Krizsán et al. 2019 ) and suggests that the development of CM patterns in these phyla and subphyla was accompanied by the emergence of several new developmental regulators enabled by this TF expansion (Figure 4 ). Also in line with the hypotheses of Nguyen and collaborators based on the genome sequencing of Neolecta irregularis (a taphrinomycete which develops sexual CM structures), regulators such as BcLTF2 or DevR probably are ancestral in the ascomycota, and DevR (but not BcLTF2) have probably been lost during simplification of budding and fission yeasts (Nguyen et al. 2017) . As far as we know, there is no report on any role in sexual (sclerotial) development for the regulator of B. cinerea conidiation BcLTF2 (Brandhoff et al. 2017) . However, BcLTF3 has been described as a TF with a dual function in development (see below). Of note is the conservation pattern of NcCsp2, since it is conserved in pezizomycotina, mucoromycota, zoopagomycota and the taphrinomycotina Neolecta irregularis and Saitoella complicata, but not in saccharomycotina, the rest of taphrinomycotina or basidiomycota species analyzed in this work. This suggests an early emergence of NcCsp2 and the progressive loss in basidiomycota, saccharomycotina and specific clades within taphrinomycotina.
MoConX3, FlbE and BcLTF3 (the latter has a dual function in the control of development since it is essential for conidiogenesis but represses conidiophore development by repressing Bcltf2 in light and darkness; see (Brandhoff et al. 2017 showing a variable degree of conservation in this order (see Figure 2) . The C2H2-type regulator MoConX2 shows a high sequence divergence compared to the best hits in other sordariomycetes, being located in an independent clade (see the analysis of MoConX2 sequence in Figure S1 ), while we found only three putative ortholog sequences for MoConX4, all of them with low coverage and expected values (see Figure 2 ). This observation strongly suggests that the emergence of specific TFs controlling asexual multicellularity may be recent and may lead to further morphological diversification and specialization. The possibility of these TFs emerging sooner in evolution and being gradually lost in almost all species is unlikely.
Presence of BrlA orthologs is detected in the order eurotiales within eurotiomycetes (also probably in some chaetothyriales species and the single verrucariales species analyzed, Endocarpon pusillum), but not in onygenales (de Vries et al. 2017) . The fact that BrlA emerged in evolution much later than TFs that in A.
nidulans are located either upstream (FlbA-E) or downstream (AbaA, WetA, StuA, MedA) in the genetic pathways inducing/controlling the generation of asexual CM structures suggests that its emergence had a profound effect in the modification of preexisting democracy/hierarchy networks (see Discussion).
Discussion.
Multicellularity represents a key landmark in the evolution of organisms.
Complex multicellularity (CM) is differentiated from simple multicellularity based on features such as the proportion of cells in direct contact with the environment, cell adhesion and communication, the existence of a developmental program controlling morphological transitions, programmed cell death events or the generation of 3D
structures (see references within (Nagy et al., 2018) ). CM has emerged at least five times in evolution, one of them in fungi. There are two types of CM programs in fungi, sexual and asexual cycles. However, investigations into the fundamentals of the emergence and evolution of CM in fungi has been dominated by studies of sexual development. Here we propose that the study of the emergence/evolution of regulators that control the initiation/progression of asexual development in specific fungal lineages can be an informative way to elucidate the mechanisms enabling asexual CM and potentially leading to evolutionary convergence. For example, the generation of conidiophores meets most of the traits of CM mentioned above. Although all cell-types are in direct contact with the environment, which contrasts with (asexual or sexual) fruiting bodies, conidiophores are 3D structures generated following a pre-defined genetic program that is tightly connected to programmed cell death pathways (Mims et al. 1988; Adams et al. 1998; Pócsi et al. 2009; Gonçalves et al. 2017) . Two additional advantages reinforce the usefulness of asexual development as a model for the study of CM. One is the limited number of cell-types involved. In A. nidulans conidiophores, the foot-cell (the base of the structure), the stalk (which grows polarly from the foot-cell) and the vesicle (the result of the isotropic growth of the tip of the stalk) form a single unit (Mims et al. 1988) . A multipolar budding process at the vesicle generates metulae, which subsequently bud into two phialides, each one generating long chains of asexual spores (conidia). Secondly, and again using the example of A. nidulans conidiophores, it can be suggested that the timely generation of each cell-type is controlled by a limited number of transcriptional networks and TFs ). Zymoseptoria tritici had no effect on asexual spore production or pathogenicity (Tiley et al. 2018) . Furthermore, deletion of M. oryzae MoflbB exacerbated conidiation instead of inhibiting it (Tang et al. 2014) , suggesting that MoFlbB performs an opposite role compared to the A. nidulans ortholog. FlbB orthologs conserve different domains and residues compared to related TFs that control the response to oxidative stress (Vivancos et al. 2004; Cortese et al. 2011; Herrero-Garcia et al. 2015) . This may indicate that FlbB orthologs retain mechanistic features enabling them to control signal transduction, such as importation into nuclei or transcriptional regulation, but can participate in the alternate cellular process in different species. Additionally, the emergence of BrlA in eurotiales (and apparently some chaetothyriales) may have re-directed the role of FlbB towards the induction of asexual development (see below).
Most of these
Similarly, deletion of the N. crassa ortholog of flbC, flb-3, has pleiotrophic effects, affecting hyphal morphology as well as sexual and asexual development (Boni et al. 2018) . As shown in Figure 1 , FlbC regulates brlA expression in A. nidulans by direct binding to its promoter (Kwon et al. 2010) . However, as a sordariomycete, N.
crassa lacks a brlA ortholog and Flb-3 has developed the ability to bind the promoters of aba-1, wet-1 and vos-1, which code for proteins orthologous to A. nidulans CDP TFs
AbaA, WetA and VosA. Unexpectedly, the authors reported that these three genes are apparently not required for development in N. crassa (Boni et al. 2018) . As evidence of the complexity in the organization of the networks controlling development in fungi, in the insect pathogen Beauveria bassiana, a sordariomycete that consequently lacks a brlA ortholog, deletion of BbwetA and BbvosA affects conidia number and quality (Li et al. 2015) . In a context in which sequence conservation does not correlate with conservation of the same cellular function, and new TFs controlling development emerge as the different fungal orders, families, genera and probably even species themselves differentiate implies that broadening the search for mutants impaired in asexual development is necessary in as many reference systems as possible. Thus, mutant screenings such as the one carried out in B. cinerea for the identification of light induced TFs (Cohrs et al. 2016; Schumacher 2017; Brandhoff et al. 2017) or the identification and characterization of proteins controlling asexual sporulation in agaricomycetes (reviewed by (Kües et al. 2016) ) serve as examples and must be acknowledged. Overall, these examples suggest that the application of known activities and relationships of developmental regulators from one model to related species cannot be treated as a given, and may misdirect research. Furthermore, collaborative initiatives should integrate the data generated not only from evolutionary and network organization perspectives, but also with the understanding that there is the potential of discovering novel therapeutic targets within those pathways, since, after all, they control the spread of mycoses. In this context, and considering the fact that asexual reproduction is prolific and results in wide dispersion, random mutation of spores could promote speciation.
Recent reports propose that an increase in the number of protein-coding genes is not the only cause of the development of CM in fungi, indicating that there are other sources of genetic innovations (Nagy 2017; Nguyen et al. 2017 ). The observations described in this text lead us to propose that asexual CM in pezizomycetes evolved convergently, at least, as the result of a random and stepwise emergence of TFs and additional regulators. The emergence or re-adaption of regulators within the pre-existing transcriptional networks would cause their rewiring, meaning that the great diversity of asexual morphologies in fungi is the result of random re-organizations of genetic pathways. In fact, inefficient re-organizations to developmental regulation may have led to extinction/irrelevance of fungal lines. The emergence of brlA arises as a key event in the re-design of genetic networks and the ability to generate asexual CM structures in eurotiales. It is tempting to suggest that the promoter of brlA and its gene products developed, respectively, the ability to recruit upstream and transcriptionally control downstream TFs. Processes such as this could also redirect the role of proteins that are widely conserved in fungi (such as the psi factor-producing oxygenase PpoA or the oxidoreductase GmcA) or conserved in higher eukaryotes (such as HymA).
Consequently, we firmly believe that the elucidation of the mechanisms enabling the transition to asexual development in fungal species such as A. nidulans could make an important contribution to the understanding of the evolution of CM.
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